phenomena have been assumed to be sufficient, as they were for the principles of perceptual grouping proposed by Gestalt psychologists earlier in the century (Wertheimer 1923) . The purpose of the present experiments is to integrate previous results and demonstrations into a more complete description of what kind of two-dimensional displays result in the perception of a surrounded region as either a hole through a surface or an object in front of a surface.
For the purposes of this paper, the regions and contours regarding potential holes and objects will be discussed as shown in figure 2. The inner region is the site of the potential hole or object, which is immediately bordered by the surrounding region, outside of which is the outer region. The inner and outer contours bounding these regions are also shown. The relations among these regions and contours are an important part of the investigations presented here.
2 Experiment 1: Depth, grouping, and figural factors In the first experiment we investigated three main kinds of factors that we expected to influence the perception of holes: depth, grouping, and figural factors.
Depth factors
Depth cues that are consistent with the inner region being more distant than the surrounding region should increase the chance of the stimulus being perceived as a hole. On the other hand, depth cues consistent with the perception of the inner region as in front of the surrounding region should increase the chance of the stimulus being perceived as an object in front of a surface. These are the most obvious cues to perception of a hole, as they follow closely from the definition of a hole. Examples of (a) (b) (c) Figure 1 . A demonstration of the ambiguity of certain regions. In figure 1a , the central region could be perceived as either a hole through the black square, or a disc on top of that square. In figure 1b , shading influences the region to look like an object in front of the black background, while in figure 1c the region appears to be a hole.
depth cues used in everyday perception of holes are cast shadows, occlusion behind other objects, and binocular disparity.
Grouping factors
A second influence on hole perception is grouping principles, which we have subdivided into two types: grouping of the inner region with the outer region and grouping of the inner contour with the outer contour. In experiment 1 we examine region-based grouping and in experiment 2 contour-based grouping. If the inner region is grouped with the outer region, it is strong evidence that the inner region is a hole. When these regions are grouped, the interpretation that both are part of the same surface (and that the surrounding region partly occludes it) is supported. There are several types of grouping principles that can operate on the type of configuration shown in figure 2. First, the inner and the outer regions can be grouped by similar color and/or texture (Wertheimer 1923) . The inner and the outer regions can also be linked by the principle of common fate (Wertheimer 1923) , whereby entities that simultaneously move with the same direction and speed are perceptually grouped. The principle of good continuation (Wertheimer 1923) suggests that the inner and outer regions will be grouped together if they contain lines or edges that are continuous. Another more recently advanced grouping principle, synchrony (Palmer and Levitin, in preparation) , suggests that if elements in the inner and outer regions change at the same time, they will group together.
Contour-based grouping could also operate on the inner and outer contours to influence the perception of the inner region as a hole versus an object. The logic is as follows: If the inner contour groups with the outer contour, then they are likely to belong to the same surface; namely, the surrounding region. If this is the case, then the central region is not an object on top of the surrounding region, but a hole through it. If the inner contour does not group with the outer contour, then it is likely that they are unrelated contours that belong to different surfaces. This supports the perception of an object in front of the surrounding surface.
Figural factors
When the inner region is a hole, it must be located behind the surrounding region. The surrounding region is therefore the figure, whereas the inner region is part of the ground. The literature on figure^ground relations suggests a number of ceteris paribus rules that influence the perception of figure versus ground. One of the most important factors is surroundedness (Rubin 1921) , which indicates that, all else being equal, a surrounded region tends not to be perceived as a hole but as an object (figure) in front of a surface (ground).
Other figure^ground factors are also relevant, despite the initial tendency not to perceive a surrounded region as a hole. All else being equal, symmetrical regions are more likely to be perceived as figure than ground (Rubin 1921) . Likewise, convex regions tend to be perceived more often as figures than do concave regions (Metzger 1953; Kanizsa and Gerbino 1976) . More recently, the meaningfulness of a region has been found to powerfully influence figure^ground segregation, such that meaningful regions are more likely to be perceived as figure than are regions without a meaningful shape (Peterson 1994) .
It is hypothesized that when these figural factors are sufficiently powerful, they will influence perception such that symmetrical, convex, and/or meaningful inner regions will tend to be seen more often as objects in front of the surrounding region, whereas asymmetrical, concave, or meaningless regions will tend to be seen more often as holes.
2.4
Method 2.4.1 Participants. Fifteen undergraduate students from the University of California at Berkeley participated in the study, for which they received partial course credit in one of several psychology courses. All participants were na|« ve to the experimental hypothesis, and all had normal or corrected-to-normal vision.
Materials.
Images were displayed on a 17-inch AppleVision monitor by a Macintosh Power PC 7500. Participants were seated approximately 24 inches from the monitor. The images were displayed via PsyScope, a presentation programming language (Cohen et al 1993) . All input from participants was through the computer keyboard.
2.4.3 Stimuli and procedure. The task of the participant was to decide whether the central region in the array looked like (a) a hole through the surrounding region or (b) an object in front of the surrounding region. Participants pressed`h' on the keyboard if their percept was that of a hole, and`o' if their percept was that of an object. Stimuli remained on the screen until participants made a response, after which they were prompted to give a rating, from 1 to 100, on the strength of the perception they had indicated. To familiarize the participants with the task and the rating system, ten practice trials (using images from the actual experiment) were presented before the data collection began.
The experimental images were presented in three separate blocks: depth cues, grouping relations, and figural cues. The blocks were counterbalanced between subjects in a Latin squares design. The size of all images was approximately 3 inches by 3 inches. Participants viewed them from a distance of approximately 24 inches from the monitor (with no apparatus to fix the distance), so that images subtended about 7 deg of visual angle. Figure 3 demonstrates the types of images used to investigate depth factors. For the shadow factor, the stimuli could either contain information indicating that the central region was in front of the surrounding region (figure 3a) or behind the central region (figure 3b). Occlusion and continuation were tested in four conditions. In the first, a square could be both occluded by and continue behind the surrounding region (figure 3c). It could also contain continuation but not occlusion cues (figure 3d), occlusion but not continuation cues (figure 3e), or neither occlusion nor continuation cues (figure 3f ).
Examples of the images for the region-based grouping factors are shown in figure 4 . The central region could either have the same color (figure 4a) or the same texture (figure 4c) as the outer region, or the color or texture could be different, as in figures 4b and 4d, respectively. In the motion condition, the texture of the inner region could either remain stationary while the surrounding region moved (figure 4e), or it could move in common fate with the surrounding region (figure 4f ). The motion continued until the participant made a response. Figure 5 indicates the sequence of presentations for the synchrony condition. The inner and outer regions always had the same texture. The color of the texture elements within the regions could either change at the same time, or asynchronously; that is, the central region could change either simultaneously with or slightly after the outer region. The sequences shown in figure 5 were repeated until the participant made a response. Figure 6 indicates the images used for the figural block of trials. In the symmetry condition, the central region could be either symmetrical (figure 6a) or asymmetrical (figure 6b) with respect to the vertical axis. In the convexity condition, the inner region Figure 3 . Depth factors used in experiment 1. In figures 3a and 3b, shadows are used to influence the inner region to be perceived as an object on a surface or as a hole, respectively. Figure 3c demonstrates the condition of both occlusion and continuation. In figure 3d , there is continuation information but not occlusion information indicating that the central region is a hole. Figure 3e contains occlusion, but not continuation, information, whereas figure 3f contains neither.
was either convex (figure 6c) or concave (figure 6d). In the final familiarity condition, the inner region was either a familiar shape (figure 6e, the shape of a car), or an unfamiliar control shape made by rearranging parts of the familiar shape (figure 6f ).
For each of the eighteen types of conditions tested, there were five different shapes for the inner region, totaling eighty stimuli to be judged by each participant. These shapes were all matched for area of the region. The same shapes were used for all but the figural conditions, where the shape itself was manipulated. and 4c), the inner region is likely to be perceived as a hole; when they are different (as in figures 4b and 4d), the region is likely to be perceived as an object on top of the surrounding region. Figures 4e and 4f illustrate the principle of common fate. Arrows indicate the direction of movement of the regions in which they are enclosed. When the surrounding region moves while the inner and outer regions remain stationary (figure 4e), observers tend to perceive a hole. When the inner region and the surrounding region both move together, and the outer region remains stationary (figure 4f ), however, observers tend to perceive an object.
Results and discussion
The ratings for the stimuli were signed negatively when participants reported perceiving them as holes and positively when they reported perceiving them as objects. The final data thus ranged from À100 (strong percept of a hole) to 100 (strong percept of an object). Tables 1 and 2 indicate the mean signed ratings for all conditions. Table 1 indicates the means for all but the occlusion and continuation conditions, which are Figure 5 . Grouping by synchrony in experiment 1. When texture elements in the outer and inner regions change at the same time, observers tend to perceive a hole. When they change asynchronously, however, the regions do not group together, and observers tend to perceive an object on a surface. shown in table 2. Tests of significance indicate that there was an effect for each condition, except for two of the figural conditions: symmetry and familiarity. The shadows condition produced the largest difference, with ratings for central regions shaded like holes averaging À94X3 and those shaded like objects averaging 94.1. A two-way, within-subjects ANOVA was done on the effects of occlusion and continuation. Both occlusion and continuity were found to contribute to the perception of a hole. When the square was occluded by the surrounding region, there was a tendency to perceive the inner region as a hole (F 1 14 10X51, p 5 0X05). Likewise, when parts of the square were aligned behind the surrounding region, there was a strong tendency to perceive the inner region as a hole (F 1 14 21X65, p 5 0X001). There was also an interaction between these two factors, such that the probability of the region being perceived as a hole was much greater when both factors were present (F 1 14 16X12, p 5 0X001). All of the region-based grouping factors showed a powerful influence on the perception of a hole (see table 1). Color, texture, common motion, and synchrony all demonstrated that when the inner and outer regions grouped together, the inner region was more strongly perceived as a hole, and when the regions did not group together, the inner region was more strongly perceived as an object on top of a surface. This is in agreement with the findings of Cavedon (1980) , who found that holes were perceived more often if the inner and outer regions were similar.
The figural factors of symmetry and meaningfulness did not have significant effects, while convexity had only a very weak effect. These factors are reexamined in experiment 3.
Experiment 2: Contour-based grouping
The aim of the second experiment was to explore the effects of contour-based grouping. As discussed above, this factor refers to the degree of relatedness between the inner and outer contours. It is hypothesized that when these two contours group together strongly, the central region will be more likely to be perceived as a hole because that provides a better explanation of nonaccidental contour relationsöthat is, when the inner contour forms a relationship with the outer contour by being centered and parallel to it. We examined the effects of the relative position and the relative orientation of the inner and outer contours, as indicated in figure 7. Following Bozzi (1975) , we expected that the inner region would be perceived as a hole to the extent that the inner and outer contours were nonaccidentally related. Figure 7a demonstrates the three different shapes used in experiment 2. For each shape, the position of the inner region could be either centered or off-center. For squares, the inner region was rotated 08, 158, 308, or 458. Rotations were different for different shapes.
3.1 Method 3.1.1 Participants. Twenty-two different participants were used from the same subject pool as that used in the first experiment.
3.1.2 Materials. The materials used were the same as in experiment 1.
3.1.3 Stimuli and procedure. The instructions, task, size of stimuli, viewing distance, and presentation duration were the same as in experiment 1. Examples of the images are shown in figure 7. There were three shapes for the inner and outer contours: a square, a triangle, and an oval. The stimuli were varied on two dimensions: relative position (eccentricity from the center) and relative orientation. The inner contour could be positioned either in the center of the outer contour or slightly to the right of center. The orientation of the inner contour could have four different values: one in which the inner and outer contour were aligned such that adjacent edges were parallel (08), and three at equal clockwise rotations from the aligned value. Since the three objects had different shapes, the rotation angles were different for each one: 08, 158, 308, and 458 for the squares; 08, 208, 408, and 608 for the triangles; and 08, 308, 608, and 908 for the ovals. These angles were chosen so that the second and third orientations were oblique relative to the outer contour, and the fourth angle produced parallel or aligned axes of symmetry but without adjacent edges being parallel. All of the inner regions were white on a black surrounding region of the same shape, with a white outer region.
There were three repetitions of each stimulus presented to each participant, for a total of 72 trials (3 repetitions63 shapes64 rotations62 positions). Figure 8 shows the effects of relative position and orientation. As predicted, there was a main effect of position such that the centered inner regions were perceived more strongly as a hole (average rating of À26X5) than the off-centered inner regions (average rating of 13X6) (F 1 21 19X16, p 5 0X001). There was also a main effect of orientation, such that the region was perceived more strongly as a hole when the inner and outer contours were aligned (average rating of À41X3) than when they were rotated (average ratings of 12.1, 10.3, and À5X0, for progressive rotations, respectively) (F 3 63 29X35, p 5 0X001). There was no significant difference between ratings for angles two and three, t 1 21 0X54, but angle four (with somewhat coincidentally related contours) was rated as more hole-like than both angle two (t 1 21 2X81, p 5 0X01) and angle three (t 1 21 3X26, p 5 0X01). There was no reliable interaction between position and orientation (F 3 63 1X49, p 4 0X05).
Results and discussion

Experiment 3: Familiarity and complexity
One notable outcome of the figural factors tested in experiment 1 was that the symmetrical and convex stimuli (but not the familiarity stimuli) were perceived strongly as holes, with an average rating of À39X4. A likely explanation for this might be that the inner and outer regions were both white. Thus, grouping by color may have been an overriding factor.
Why, then, were the stimuli in the familiarity condition not also strongly perceived as holes? Although the average rating in this condition was 0.7, this was reliably greater than the average of the other two figural conditions (t 1 14 3X66, p 5 0X01). A possible explanation for the discrepancy is that the regions in the`scrambled' control for the familiarity condition did, in fact, look object-like to subjects, despite the experimenters' intentions to the contrary. That is, despite changing the parts around, the configuration still had the appearance of looking like an object. The final experiment revisited this issue by adding a third condition in which more shapes were used.
Another factor that may affect the perception of a shape as an object is its complexity. We wondered whether more complex regions (defined operationally in terms of the number of edges) would be perceived as more object-like, whereas simpler regions would be perceived as less object-like. In accordance with our original hypothesis, we expected that regions with object-like shapes would be less likely to be perceived as holes.
In the final experiment we also attempted to provide a more sensitive test of figural factors by removing all other factors. We were concerned that because participants in experiment 1 were making their ratings of figural factors in the presence of more powerful cues like color, motion, and cast shadows, they may have failed to discriminate more subtle figural cues based on the shape of the region. 4.1 Method 4.1.1 Participants. Fifteen different participants were used from the same subject pool as that used in the first experiment. 4.1.2 Materials. The materials used were the same as in experiment 1. 4.1.3 Stimuli and procedure. The instructions, task, image size, viewing distance, and presentation duration were all the same as in the first two experiments. Examples of the images are shown in figure 9 . The two factors varied were complexity and familiarity. For complexity, the inner region could either be simple, defined as having seven or fewer edges, or complex, defined as having sixteen or more edges. In addition, the region could be either a familiar shape, a scrambled version of that shape (as in experiment 1), or an unfamiliar shape. Within the complexity condition, the regions were matched for number of edges. There were five images for each of the six conditions shown in figure 9 , for a total of thirty images shown to each participant. All regions were matched for area.
Results and discussion
Mean ratings for experiment 3 are shown in figure 10. There was a significant effect of complexity, such that simple regions (average rating of À3X1) were more likely to be perceived as holes than complex regions (average rating of 20.9) (F 1 14 8X71, p 0X01). There was also a significant main effect of familiarity (F 2 28 25X55, p 5 0X001), such that the novel shapes were more likely to be perceived as holes (average rating of À19X1) than scrambled shapes (average rating of 2.16) (t 1 14 2X93, p 5 0X01), which were more likely to be seen as holes than familiar shapes (average rating of 44.0) (t 1 14 4X88, p 5 0X001). There was also an interaction between the two factors (F 2 28 3X96, p 5 0X05). Thus, when not presented in the context of more overpowering factors, such as depth and grouping cues, there is a demonstrable effect of familiarity on the perception of holes.
General discussion
Given that environmental objects and surfaces sometimes contain holes, the problem of perceiving holes is one that the visual system must solve in order to correctly perceive the structure of the environment. In order to do this, it should make use of any reliable cues that the retinal image presents. The purpose of this study was to identify some of the cues that the visual system does, in fact, use. In summary, the major findings were: (i) Holes are more likely to be perceived in a surrounded region when depth-based factors (such as shadows, occlusion, and continuation) indicate that it is behind the surrounding region.
(ii) Holes are also more likely to be perceived in a surrounded region when Gestalt grouping principles indicate that the inner and outer regions group together, or when the inner and outer contours group together (as defined in figure 2 ).
(iii) The shape of the surrounded region can also have an effect on whether or not it is perceived as a hole. Convex, meaningful, and complex shapes were more likely to be perceived as objects on top of a surface, while concave, meaningless, and simple shapes were more likely to be perceived as holes through that surface. These shape factors appear not to be as robust as depth and grouping factors, however. The most obvious of these results are those for depth-based factors. If the depth relation between the inner region and the surrounding region can be determined visually, then the correct answer to the problem of holes logically follows. Depth cues are more generally utilized by the visual system to solve the important problem of converting a two-dimensional image into a three-dimensional representation so that an organism can operate effectively in the world. Therefore, it is not surprising that general depth cues, such as shadows, occlusion, and continuation are readily and effectively used to determine whether an enclosed region is a hole or an object.
The other two factors have a somewhat less obvious connection to the perception of holes. They are relevant to the perception of depth relations, but do not necessarily imply depth. For example, grouping the inner and outer regions by similarity strongly suggests that the inner region lies behind the surrounding region, but it does not exclude other interpretations. It could be the case, for example, that the inner and outer regions have the same color by chance. The data indicate, however, that in the absence of other cues, the visual system interprets the two regions as being on the same phenomenal plane when grouping factors indicate that they belong together. The same holds true for at least some of the figural factors. There is no a priori reason why a hole cannot be convex or have a meaningful shape. However, these are heuristics that have been shown to contribute to figure^ground organization, presumably for the purpose of determining depth relations from probabilistic information. Our results thus demonstrate that many different factors from a variety of different sources contribute to the interpretation of a surrounded region as a hole in a surrounding object versus an object in front of a partly occluded object. We do not pretend that the set of variables we have studied here is exhaustive; there are undoubtedly many others. We intend them merely to illustrate how several known classes of perceptual effects depth cues, grouping factors, and figure^ground organization all are relevant to the problem of perceiving holes. They also illustrate that perceiving holes cannot be understood as merely a local phenomenon. It requires consideration of the relations between the color, texture, shape, and other features of the surrounded region and those of its surrounding visual structures. The facts of the matter dictate a conclusion that, in retrospect, may seem unsurprising: perceiving holes is nothing if not holistic.
